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A Standard Model (SM) Higgs--like boson?
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‘ Beyond the Standard Model (SM) Higgs boson |

Three generations of fermions appear in nature, with each generation possessing
the same quantum numbers under the SU(3)xSU(2)xU(1)y gauge group. So,

why should the scalar sector be of minimal form?

For an arbitrary Higgs sector, the tree-level p-parameter is given by

__omy > orydT(T+1) = Y?||[Vpy|Pery
0= G cos? by Sy 2V 2V ’

where Vi = (¢(T,Y)) defines the vacuum expectation values (vevs) of each
neutral Higgs field, and 7" and Y specify the total SU(2) isospin and the
hypercharge of the Higgs representation to which it belongs. Y is normalized
such that the electric charge of the scalar field is Q = T5 + Y/2, and

1, (T,Y) € complex representation,
Cryy = _
, (T,Y = 0) € real representation.
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For the SM Higgs sector with a single multiplet (T,Y,c) = (%, 1,1), it follows
that pg = 1, independently of the value of the scalar vev, as strongly suggested
by the electroweak data. The same result follows from a Higgs sector consisting
of multiple complex Higgs doublets (independent of the neutral Higgs vevs).
One can also add Higgs singlets (T' = Y = 0) without changing the value

of Po-

But, one cannot add arbitrary Higgs multiplets in general® unless their

corresponding vevs are very small (typically |Vry| < 0.050 ~ 10 GeV).

A clever workaround (Georgi and Machacek) considered the case of two Higgs

triplet multiplets: (7,Y,¢) = (1,2,1) ® (1,0,%) with equal vevs.

In this talk, | will focus on the simplest extension of the SM Higgs sector: the
two-Higgs doublet model (2HDM).

*To automatically have pg = 1 independently of the Higgs vevs, one must satisfy (27 + 1)2 —3y2=1
for integer values of (27",Y"). The smallest nontrivial solution beyond the complex Y = 1 Higgs doublet is a
Higgs multiplet with 7" = 3 and Y = 4.



‘ The 2HDM Framework I

The scalar fields of the 2HDM are complex SU(2) doublet, hypercharge-

one fields, ®; and ®;5, where the corresponding vevs are (®;) = v;, and
v? = |v1)*+|vg|? = (246 GeV)?. The most general renormalizable SU(2)xU(1)

scalar potential is given by

V =m0, + m2,0I 0, + [m2,0]®, + hoc] + %)\1(@1@1)2
+ I (B1B2)% + Ag (@10 1) (BLB) + A (@]D0) (BLP))
+ {%AE)((I)J{(I)Q)Q + [>\6((I)J{(I)1) + >\7((I)£(I)2)] @1@2 + h'C°} ,

In the most general 2HDM, the fields ®; and ®, are indistinguishable. Thus,
it is always possible to define two orthonormal linear combinations of the two
doublet fields without modifying any prediction of the model. Performing such
a redefinition of fields leads to a new scalar potential with the same form as

above but with modified coefficients.



The Higgs basis

It is convenient to define new Higgs doublet fields:

H\  vi® 4+ vid, HY\  —v® + 119,
Hl — 0 p— N H2 — 0 p— .
H; v H, v

It follows that (H?) = v/v/2 and (HY) = 0. This is the Higgs basis, which is
uniquely defined up to Hy — eXH,. The scalar potential is:

V = YiHH, + Y2 HHy + [YsHIHy + hec] + 12, (H H,)?
+525(H3Hy)? + Zs(H{Hy)(HI Hp) + Zs(H| Hy)(H3H)
+ {%Z5(HIH2)2 + [26(H1TH1) + Z7(H;LH2)]HIH2 + h-C°} )

where Y7, Y5 and Z1,..., Z, are real and uniquely defined, whereas Y3, Z5, Zg

and Z7 are complex and transform under the rephasing of Ho,

[Yg, Z6, Z7] — e_iX[Y;g, Z6, Z7] and Z5 — 6_2iXZ5 .



After minimizing the scalar potential, Y7 = —2Z1v? and Y3 = —1Zgv?. This

leaves 11 free parameters: 1 vev, 8 real parameters and two relative phases.

The Higgs mass eigenstates

The charged Higgs boson is the charged component of the Higgs-basis doublet
H,, and its mass is given by m?,. = Y5 + 5$Z30*. The three physical neutral
Higgs boson mass-eigenstates are determined by diagonalizing a 3 X 3 real

symmetric squared-mass matrix that is defined in the Higgs basis

Zl RQ(Z(;) —Im(ZG)
M? =v? | Re(Zs) LZsss5+ Ya/v? —41Im(Z5) ,
—Im(Zg) —3Im(Z5) 1Zsss — Re(Zs) + Yo /v?
where Z3u5 = Z3 + Z4 + Re(Z5).The diagonalizing matrix is a 3 x 3 real
orthogonal matrix that depends on three angles: 615, 613 and 6535. The

corresponding neutral Higgs masses will be denoted: mq, mo and ms3. Under
the rephasing Hy — X H,,

012, 613 are invariant, and 633 — O3 — X .



The Higgs—fermion Yukawa couplings

Consider first the most general Higgs—quark couplings in the Higgs basis. After

identifying the quark mass eigenstates,

— Ly = UL(KJUH?T + ,OUHST)UR — ﬁLKT(KJUHl_ + pUH;)UR
+ULK(kPTHS + pPTHNDRr + D (kP TH? + pP TH) DR + hec.,

where U = (u,c,t) and D = (d, s,b) are the mass-eigenstate quark fields, K is
the Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix and x and p are 3 x 3

Yukawa coupling matrices.

By setting HY = v/v/2 and HY = 0, one can relate k¥ and x” to the diagonal

quark mass matrices My and Mp, respectively,

My = LKJU = diag(my , me, my), Mp = LKJDT = diag(mgq, ms, myp) .

V2



The complex matrices p@ (Q = U, D) are unconstrained up to an overall phase.

That is, p? — e~™Xp?, under the rephasing Hy — X Ho.

Since physical couplings cannot depend on Y, it is convenient to define the

following two 3 x 3 hermitian matrices,

DJ@

— 1023 Q 1023 Q17 _
N /= € P —I—[G /0] ) fOI’Q—U,D,
il |

{ew%pQ — [ei923pQ]T} : for Q=U,D.

"‘@

Qz\f Q

Remarks

|f p%l are non-diagonal matrices, then there exist flavor-changing neutral

currents (FCNCs) mediated at tree-level by neutral Higgs exchange.

f p? # 0, then there is a new source of CP-violation in the interactions of the

neutral Higgs bosons with the fermions.



‘ The decoupling limit |

In the limit of Y5 > v [assuming that |Z;| < O(1)], the second doublet of
the Higgs basis becomes very massive. Integrating out this field, the effective

Higgs theory at an energy scale below Y5 is that of the SM Higgs boson!

It is convenient to order the neutral scalar masses such that m; < mg 3 and
define the invariant Higgs mixing angles accordingly. Thus, we expect one
light CP-even Higgs boson, hi, with couplings nearly identical to those of the
Standard Model (SM) Higgs boson. Since mi, |Z;|v* < m3, m3, m%. in the

decoupling limit,

, Re(Zqe~ 12392 v?
S19 = sin fyo ~ (Ze 5 ) +(9<—4) <1,
my mo
_ Im(Zqe—123)92 v?
813581n(9132— ( 0 5 ) —I—O(—4)<<1,
ms ms
2 __2if 2
IIH(Z 6_27:923) ~ 2m2812813 ~ _Im(Z € 5 23),0 << 1



Table 1: 2HDM couplings of the SM-like Higgs boson normalized to those of the SM

Higgs boson, in the decoupling limit. The normalization of the pseudoscalar coupling of

the Higgs boson h to fermions is relative to the corresponding scalar coupling to fermions.

In the Higgs self-couplings, Zgr = Re(ZGe_w%) and Zg; = Im(Z6e_i923).

Higgs interaction

2HDM coupling

decoupling limit

hAWW—
hzZZ
hhW W~
hhZ Z
hhh
hhhh
hDD
ihD~sD
hUU
ihU~:U

C12C13

C12C13
1
1

D D

ci12¢131 — S12pf — €1251307
D D
S1207 — C12513PR

U U

c12¢131 — S12pR — C12513p7

U U
—S12P] + C12813PR

1 - %3%2 - %5%3
1 - %3%2 - %5%3
1
1

1 —3(s12Z6r — 513Z61)/ 21
1 —4(s12Z6r — 513Z61)/ 21
1 — s12p% — s13p7
S12PJD — 813,01%

1 — s12p% — s13pY

U U
—S12P7 T S13PR




Unsuppressed CP-violating interactions for the heavy ho and hg3 scalars

Although Im(Z5e~2923) < 1 in the decoupling limit, there is no requirement
that Im(Zge~%23) and Im(Z7e~%%23) should be small. Additional CP-violation

can enter via the p?.

A SM-like Higgs boson without heavy Higgs masses

1. In the case of m{, 5 ~ |Z;|v* and in the limit of Zg — 0, we again have
S12, S13 << 1 (for some mass ordering of the neutral Higgs states), which yields
one state with approximately SM Higgs couplings. Thus, the observation of a
SM-like Higgs boson at LHC does not necessarily imply (yet) that the other
Higgs bosons of the 2HDM are heavy!

2. If in the generic basis, m%, = 0, then there are only two independent

squared-mass parameters in the scalar potential, which are related to the scalar
vevs via the minimum conditions. In this case, no decoupling limit exists in
which m3 5 > m7. Nevertheless, there can still be a SM-like Higgs boson as

indicated in point 1 above.



The CP-conserving 2HDM

Here, we will focus on the case of a CP-conserving scalar potential and vacuum.
In this case, one can choose x such that Y3, Z5, Zg and Z7 are all real. If
Zg # 0, then the so-called real Higgs basis is not unique since we can still
redefine Ho, — —H5. We shall use this freedom to fix Zg > 0, after which the
real Higgs basis is unique Then, we can identify

c12 = sin(f — a),
s12 = —cos(f — a),

013 = 023 =0,

where 8 and « refers to some generic basis which a priori has no special
meaning, but 8 — « is an observable. If Zg = 0, then the couplings of one of

the Higgs bosons (which we shall designate by hy) are precisely those of the
SM, in which case cos(8 — a) = 0.

Notation: cg_o = cos(S — ) and sg_o = sin(f — «).



Table 2: 2HDM couplings of the SM-like Higgs boson normalized to those
of the SM Higgs boson, in the decoupling limit. The scalar Higgs potential

is taken to be CP-conserving. Then, cs_o ~ —Zgv?/m¥.

Higgs interaction | 2HDM coupling decoupling limit
AW W= SB—a 1—35c5_,
hZZ 8- 1—3c3_,
hhW W~ 1 1
hhZ Z 1 1
hhh 1+ 3(Z6/Z1)cs—q
hhhh 1 +4(Zs/Z1)Cs—-q
hDD $g—al + co_ap® 1+ cg_ap®
thDvsD —Ch—aPy —Ch—aPy
hUU Sg—al + cg_ap 1+ cs_apf
thUnsU Co—aP] Ch—aPf




Constraining the Higgs-fermion Yukawa couplings

To avoid Higgs-mediated tree-level FCNCs, the p@ must be diagonal. This
can be achieved by imposing Type-l or Type-ll discrete symmetries on the

dimension-four terms of the Higgs Lagrangian.

The discrete symmetries are manifest in a basis in which (®9) = vcos 3 and
(®Y) = vsinB. The parameter tan 3 in this case is promoted to a physical

parameter of the theory.

Type-l: p2 = ph =1 cot g, pP =pY =0
— — _ COSC
hDD , hUU : S g = S8_q T Cg_n COt 3.

Typell: pB=—1tanp3, pY=1cotB, pP =py=0.

— sin o
hDD : — = Sg_q — Cg_o tan 3,
— COS (v
hUU - = S8_q T C_aCOt 3.

sin 3



Approaching the decoupling limit
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Projection to 300 and 3000 fb—1
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‘ ILC Higgs phenomenology in the decoupling limit |

Assumptions:

1. The couplings of h(126) measured at the LHC are consistent with those of

the SM Higgs boson within the experimental uncertainties.

2. Additional Higgs states have not been found at the LHC.

e LHC Higgs challenge: discover or rule out H, A and H* with masses
2300 GeV and 1 < tan 8 < 5 (the infamous “wedge region™).

ILC Opportunities

1. Small deviations of h(126) couplings from SM expectations.

e Look for systematics in deviations from SM coupling predictions.
e Expect largest deviation in hbb and h7 "7~ couplings if tan 3 > 1. Expect
no significant deviations in AV'V couplings (V =W or Z).



2. ete” — HA, HTH~ unsuppressed in the decoupling limit (cg_o — 0).
However p-wave production near threshold means that discovery reach in

- 1
mass is somewhat below 5/s.

The properties of the three-point and four-point Higgs boson-vector boson
couplings are conveniently summarized by listing the couplings that are

proportional to either sg_, or cg_, or are angle-independent.

CR—a SB—q angle-independent
HWHW = AW W~ —

HZZ hZZ —

Z Ah ZAH ZHTH-, vHTH™
W*HTh WrHTH W*HTA
ZW*HTh JW*THTH ZW*THTA
YWEHTh YWEHTH YWEHTFA

- VVop, VVAA, VVHTH™

where ¢ = hor H and VV = WTW~, ZZ, Z~ or 7.



3. In Type-ll models, heavy Higgs boson couplings to down-type fermions are

tan S-enhanced in the decoupling limit. The couplings of the neutral Higgs

bosons to f f relative to the Standard Model value, gmy/2myy, are given by

Hbb (or HT77)

Htt :
Abb  (or A7)
Att :

COoSs &

= CB_q T+ Sg_tan o,
cos [ fra o B

Similarly, the charged Higgs boson couplings to fermion pairs, with all particles

pointing into the vertex, are given by

g
9H—1tb = \@m
W
. g
9H— 7ty —

V2my

my cot B Pr + mytan 8 Py, | ,

m,tan 0 Py, | .

In contrast, the heavy Higgs boson couplings to both up-type and down-type

fermions in Type-l models are tan 3 suppressed.
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‘ Beyond the 2HDM I

2HDM and additional BSM physics

The MSSM is perhaps the best motivated 2HDM. Supersymmetry imposes strong constraints
on the 2HDM interaction terms. For example, the scalar potential parameters in the Higgs

basis are given by:

Z1:Z2 — i(92+g/2)(;03226, Z3 — Z5_|_%<g2_g/2), Z4: Z5—%g2,

Z5 = i(g2 + ¢’ ) sin” 28, Zp = —Zg = i(g2 + ¢'%)sin 28 cos 283 .

The MSSM employs Type-ll Higgs-fermion Yukawa couplings.

e One-loop radiative corrections to Higgs couplings to SM particles can sometimes compete
with tree-level effects due to Higgs mixing (the latter are small in the decoupling limit),
due to tan B enhancements. This can complicate the interpretation of deviations from SM
Higgs coupling behavior.

e If the full 2HDM structure survives below the scale of SUSY-breaking, then the effect of
SUSY loops induces so-called “wrong-Higgs” couplings. This yields a completely general

effective 2HDM at low-energies (including possible CP-violating Higgs couplings).



Unexpected behavior in Higgs couplings to vector bosons

Consider a CP-conserving extended Higgs sector that has the property that pg = 1 and no
tree-level ZVVngzb:F couplings (where qﬁi are physical charged scalars that might appear in the

scalar spectrum). Then it follows that
2 2 2 2 2
E Ih,vv — 9 My, Myy9h;zZ = Mzgh,WW ,
i

where the sum is taken over all neutral CP-even scalars h;. In this case, it follows that
gn,vv < gnvv for all @ (where h is the SM Higgs boson). Models that contain only scalar
singlets and doublets satisfy the requirements stated above and hence respect the sum rule
and the coupling relation given above. However, it is possible to violate gi.vv < grvv and
m%‘/ghizz = mQZth.WW if tree-level ZVViquF and/or ¢TTW W ™ couplings are present.

A more general sum rule is:

2 2 2 2
Z Ih,vv — 9 My + Z |9¢2+W—W—
i k

The Georgi-Machacek model provides an instructive example. This model consists of a complex
Higgs doublet with Y = 1, a complex Higgs triplet with Y = 2 and a real Higgs triplet with
Y = 0, with doublet vev a/+/2 and triplet vevs b, such that v* = a* + 8b°.



It is convenient to write
a

VaZ + 8b2°

and sy = sinfy = (1 — ciI)l/Q. Then, the following couplings are noteworthy:

cy = cosfy =

HfWJFW_ . gegmw H10W+W_ : 8/3gmwsmy ,
HgW+W_ : 1/3gmwsy, H;+W_W_ . NV 2gmwsy .

H{O and Hg, H;r+ have no coupling to fermions, whereas

gmyg

QchH

0. =
H ff:
In general H? and Hio can mix.

In the absence of H?—Hio mixing and cy = 1, we see that the couplings of Hf match those
of the SM. But consider the strange case of sy = \/% In this case, the H{O coupling to
W W ™ matches that of the SM. Nevertheless, this does not saturate the HW W sum rule!
Moreover, it is possible that the H{OWJFW_ coupling is larger than gmyy, without violating
the HWW sum rule. Including H{-H’" mixing allows for even more baroque possibilities

not possible in a multi-doublet extension of the SM.



‘ Conclusions I

. The discovery of a SM-like Higgs boson at LHC does not foreclose the possibility of an
extended Higgs sector beyond the Standard Model.

. Typical extended Higgs sectors possess a robust parameter regime in which the lightest
scalar is SM-like and the additional Higgs scalars are somewhat heavier. This is the
decoupling limit.

. To explore the decoupling limit of the general 2HDM, the framework of the Higgs basis is

particularly useful as it isolates the physical couplings of the model in an elegant way.

. As the non-decoupling scenario becomes less likely, one can begin to exploit the decoupling

limit in more detail in phenomenological Higgs studies.

. The precision Higgs program at the ILC can reveal patterns of deviations from SM Higgs

couplings, which would provide critical clues to the structure of the extended Higgs sector.

. Certain regimes of the Higgs parameter space present challenges for LHC searches and

windows of opportunity for ILC studies.

. There is still room for surprises in the exploration of Higgs physics.



